Chronic inflammation is an important risk factor for the development of colorectal cancer; however, the mechanism of tumorigenesis especially tumor progression to malignancy in the inflamed colon is still unclear. Our study shows that epithelial signal transducer and activator of transcription 3 (STAT3), persistently activated in inflamed colon, is not required for inflammation-induced epithelial overproliferation and the development of early-stage tumors; however, it is essential for tumor progression to advanced malignancy. We found that one of the mechanisms that epithelial STAT3 regulates in tumor progression might be to modify leukocytic infiltration in the large intestine. Activation of epithelial STAT3 promotes the infiltration of the CD8+ lymphocyte population but inhibits the recruitment of regulatory T (Treg) lymphocytes. The loss of Stat3 in epithelial cells promoted the expression of cytokines/chemokines including CCL19, CCL28, and RANTES, which are known to be able to recruit Treg lymphocytes. Linked to these changes was the pathway mediated by sphingosine 1-phosphate receptor 1 and sphingosine 1-phosphate kinases, which is activated in colonic epithelial cells in inflamed colon with functional STAT3 but not in epithelial cells deleted of STAT3. Our data suggest that epithelial STAT3 plays a critical role in inflammation-induced tumor progression through regulation of leukocytic recruitment especially the infiltration of Treg cells in the large intestine.
Introduction
Tumorigenesis is a multistage process often initiated by mutations that activate oncogenes or inhibit tumor suppressor genes. However, neoplastic cells often require additional factors from the microenvironment to support their survival, growth, and angiogenesis [1] . Clinical data and experimental mouse models have provided a definitive link between inflammation and cancer [2, 3] . Recent evidence has shown that the activity of most of the inflammatory cytokines converges on the nuclear factor κ-beta and signal transducer and activator of transcription 3 (STAT3) [4, 5] . However, the functions of STAT3 in tumor and stromal cells have not been clearly defined.
Transcriptional factor STAT3 is known to mediate inflammation acting downstream of a number of cytokines including interleukin-6 (IL-6), IL-10, IL-17, IL-21, IL-23, and vascular endothelial growth factor [4] . STAT3 functions in stromal cells have been shown to stimulate CD8+ cell production of interferon-γ [6] , stimulate regulatory T (Treg) cells infiltrating into the tumor site [6] , inhibit the maturation of functional dendritic cells [7] , and inhibit immune stimulation in macrophages and neutrophils [8] . The anti-inflammatory effect of IL-10 on macrophage, for example, required STAT3 for its inhibition. Thus, knockout of either IL-10 or Stat3 causes severe inflammation [9, 10] . Persistent activation of STAT3 has also been reported in many solid tumors [5] . Depending on tumor type, STAT3 has diverse functions. In head and neck tumors, for example, it has been shown to regulate cell cycling in conjunction with cyclin D1 (or CCND1) [12] , and it inhibits cell growth by upregulating kinase inhibitor CDKN1B (or p27 Kip1 ) [13] in melanoma cells and inhibits apoptosis by suppressing proapoptotic gene expression in breast, skin, and colon neoplastic cells [14] [15] [16] [17] [18] . Several reports have further shown that STAT3 activation in tumors is associated with poor prognosis [12, [19] [20] [21] , suggesting that STAT3 promotes tumor progression and/or metastasis. However, the mechanism by which STAT3 promotes tumor progression is unknown.
In the pathogenesis of inflammatory bowel disease and its associated colorectal cancer, an aberrant signaling cascade involving IL-6, IL-10, and STAT3 has been reported [3] . Recent genome-wide analysis of Crohn disease has identified the Stat3 gene as one of the susceptibility loci in this form of inflammatory bowel disease [22] . Furthermore, somatic mutations of Stat3 linked to persistent activation of STAT3 and colorectal cancer have been shown [16] . A knock-in mouse model in which constitutive active GP130 (gp130
Y757F
) leads to hyperactivation of JAK1/2-STAT3 signaling cascade on IL-6 binding develops tumors during the inductive state of chronic inflammation [23] . Recently, a link between chronic inflammation and sphingosine 1-phosphate kinase 1 (SPHK1) in the development of colitis-associated cancer was reported [24] [25] [26] . In all these models, the essential function of STAT3/S1P in tumor growth was examined extensively, but the role of STAT3 and its relationship with S1P in tumor progression has not been addressed sufficiently.
We previously established a mouse model of spontaneous inflammation-associated colonic cancer, conditional knockout mice with Stat3 deletion in hematopoietic cells (Stat3-IKO), by inactivating Stat3 in hematopoietic cells using colony-stimulating factor 1 receptor promoter driving Cre recombinase in a control mouse with floxed P sites in the introns of Stat3 gene (Stat3 flox/flox mouse) [10] . This model has significant advantages for the study of this disease, because a single myeloid mutation is used to generate chronic inflammation that leads to tumor development at frequencies similar to human colon cancer in the setting of inflammatory bowel disease (IBD) [10] . Importantly, no germ line mutation is introduced into the colonic epithelium, and consequently, the model is appropriate for the study of early genetic and phenotypic changes within the critical epithelial subsets. In this model, we found that STAT3 in epithelial cells was persistently activated through early stage of inflammation development, tumor formation, and tumor progression to malignancy. To determine the role of STAT3 activation in epithelial/tumor cells in inflamed colon, we have inactivated Stat3 specifically in the intestinal epithelium of Stat3-IKO mice. In the Stat3 double knockout mice [conditional knockout mice with Stat3 deletion in hematopoietic and intestinal epithelial cells (Stat3-EIKO)], the colonic epithelium still exhibited hyperproliferation and formation of early-stage tumors in response to the chronic inflammation in the colons, but the rate of tumorigenesis and progression to advanced malignancy was significantly reduced. The delayed tumor progression is associated with a decreased CD8+ cell and a reduced activation of sphingosine 1-phosphate receptor 1 (S1PR1)-SPHK1 pathway in epithelial cells but an enhanced Treg lymphocyte in the large intestine, suggesting that epithelial STAT3 regulates tumor progression by coordinating immune cell recruitment using the S1PR1 pathway.
Materials and Methods

Mice and Human Samples
Mice were housed in the pathogen-free barrier facility at Albert Einstein College of Medicine (AECOM, Bronx, NY) and were handled in accordance with National Institutes of Health regulations concerning the usage and care of experimental animals. All procedures involving animal usage were approved by the Institutional Animal Care and Use Committee (IACUC) committee at AECOM. Residual human colonic tissues from biopsies or colectomy taken from patients with inflammatory bowel disease and colorectal carcinoma, which would otherwise be discarded, with Institutional Review Board (IRB)-approved protocol 09-03-096X, were used. We have examined three patient samples. One was a 71-year-old patient with a history of ulcerative colitis (UC) and adenocarcinoma in a background of chronic active colitis pathology. A second case was a 49-year-old male with UC for 7 years with low-grade dysplasia. A third case was a 66-year-old male with UC and poorly differentiated carcinoma with signet ring morphology and multifocal dysplasia. Negative samples were taken from patients with diverticulitis or normal region of the colon from patients with UC.
Stat3-IKO and Stat3-EIKO Mice
The establishment of Stat3-IKO mice was described previously [10] . To delete Stat3 in intestinal epithelial cells in Stat3-IKO mice, the transgene vCRE (Cre regulated by the villin promoter), kindly provided by Dr Sylvie Robine (Institut Curie, Paris, France) [27] , was introduced into Stat3-IKO mice (in a C57BL/6 background) to obtain mice with both hematopoietic and epithelial inactivation of Stat3 (Stat3-EIKO mice). remove the mucus. They were further treated with 25 ml of HBSS with 1 mM EDTA at 37°C with shaking for 20 minutes, and colonic epithelial cells were then scraped off the basal lamina. The scraped cells were washed three times in HBSS and once in phosphate-buffered saline (PBS) and then filtered through cell strainer with 70-μm nylon mesh (BD Falcon; Fisher Scientific, Pittsburgh, PA). Epithelial cells were isolated from 5 × 10 6 scraped cells using the biotinylated anti-mouse CD326 epithelial cell adhesion molecule (CAM) antibody (Biolegend, San Diego, CA) and CELLection Biotin Binder Kit (Invitrogen, Life Technologies, Grand Island, NY) following the manufacturer's protocol.
Quantitative Polymerase Chain Reaction
RNA from colonic epithelial cells was extracted using TRIzol (Invitrogen). RNA (50-100 ng) was used in reverse transcription with the Omniscript RT Kit (Qiagen, Valencia, CA). cDNA was subjected to quantitative polymerase chain reaction (qPCR) using 0.1 μM primers from commercially available Mouse Cytokine Primer Library II (RealtimePrimers.com) or from synthesized sequences (Sigma) and subjected to 50 cycles of denaturation at 95°C for 10 seconds and annealing at 58°C for 45 seconds.
Histologic Analysis
The large intestine from mice were fixed in 10% formalin and then paraffin embedded [28] . Sections were stained with hematoxylin and eosin. The pathology of tissue sections were evaluated in blinded fashion by Dr Qiang Liu, and disease stages were classified as follows: Hyperplasia is characterized by thickened mucosa with elongated crypts; low-grade dysplasia is classified by thickened mucosa with elongated, irregularly branched glands that contain epithelium with cytologic and nuclear atypia including loss of differentiation (goblet cells), polarity, and enlarged nuclei; high-grade dysplasia has stratified nuclei that are more extensive than low-grade dysplasia with loss of cell polarity and presence of cribriform architecture or gland within gland; carcinoma is characterized by tumor cell invasion into the submucosa as the key distinguishing feature for this lesion. Specific features also include the presence of atypical and irregular glands with desmoplastic reaction.
Immunohistochemistry
Standard immunohistochemical (IHC) procedures were used according to a protocol from Cell Signaling Technology (Danvers, MA). All tissues stained for immune cells and intracellular molecules were fixed with 10% formalin except for those stained for macrophages with F4/80 antibody, which were fixed in zinc fixative (BD Biosciences, San Jose, CA). Antibodies used were 0.1 μg/ml anti-F4/80 (Invitrogen), 3 μg/ml anti-CD3 (Dako Cytomation, Carpinteria, CA), 1:200 of anti-MKI67 (or anti-Ki67), 4 μg/ml anti-pSTAT3 (Tyr 
Ex Vivo Organ Culture
Colons were isolated from mice, cut longitudinal, removed of fecal material, and washed with HBSS. The colons were cut into 2-to 3-mmpieces and placed in serum-free RPMI media with antibioticantimycotic (Gibco; Life Technologies, Grand Island, NY) before incubation at 37°C. Supernatants from overnight culture were collected, and chemokine and cytokine production were measured using MILLIPLEX MAP Mouse Cytokine/Chemokine Panel Kit (EMD Millipore, Billerica, MA) following the manufacturer's protocol.
Flow Cytometry
Cells from scraped colons were washed in HBSS and passed through a 70-μm filter. The cells were washed with FACS buffer (0.5% BSA in PBS) and stained for the following surface proteins:
T cells (CD25-PE) for 20 to 30 minutes. All fluorescent antibodies were purchased from eBioscience and compared to recommended isotype controls. The cells were washed once in FACS buffer and then in PBS before fixation in 4% paraformaldehyde buffer for 20 to 30 minutes. Cells were washed three times in FACS buffer before analysis using a Becton Dickinson FACScan Flow Cytometer.
Results
Inflammation-Induced Epithelial Overproliferation in Colon Is Independent from STAT3
In a published study [10] , we used the Stat3-IKO model to demonstrate the role of mammalian target of rapamycin (mTOR), in putative early stages of colitis-associated cancer, specifically the hyperproliferation of colonic epithelium and also the activation in these epithelial cells of STAT3, which has been implicated in colon tumorigenesis by other studies. To test the hypothesis that inflammation may promote tumorigenesis through STAT3-mediated epithelial hyperproliferation, we targeted inactivated Stat3 specifically in intestinal epithelial cells in this model by crossing the transgene villin-Cre [27] flox/flox control mice, suggesting that the activation of STAT3 in colonic epithelial cells in Stat3-IKO mice is specifically induced by inflammation and it is not required for the normal development of the large intestine. Unlike Stat3-IKO mice, which exhibited colitis symptoms including persistent diarrhea, blood feces, and weight loss by 18 to 20 weeks of age [10] , age-matched littermates of Stat3-EIKO mice appeared healthy and developed much milder symptoms even in older mice (35-40 weeks of age). Examining the histology of the large intestine, we found that, in a similar fashion to Stat3-IKO mice, hyperproliferation of epithelial cells and an expanded proliferative compartment was observed in the large intestine of Stat3-EIKO mice ( Figure 1B Figure 1C ) with no significant difference between Stat3-IKO and Stat3-EIKO colons, suggesting that epithelial cell overproliferation can occur without functional epithelial Stat3. BIRC5 (or Survivin) is a major downstream target of STAT3 and is known to have antiapoptotic functions [11, 29] . Analysis of BIRC5 (or Survivin) production indicated that the functional BIRC5 (or Survivin) in Stat3-EIKO colons was comparable to Stat3-IKO colons ( Figure 1D ). These data support the idea that Survivin in colonic epithelial cells can be regulated by intracellular signaling molecules other than STAT3 in inflamed colon, as a deletion of intestinal Stat3 has little effect on the Stat3-EIKO epithelial overproliferation.
Inactivation of Epithelial Stat3 Delayed Tumor Progression in Inflamed Colon
There were significant differences in colonic histopathology between age-matched Stat3-IKO and Stat3-EIKO littermates. Our previous study classified tumor progression in the large intestine of Stat3-IKO mice into three stages: low-grade dysplasia, high-grade dysplasia, and carcinoma. Although both Stat3-IKO and Stat3-EIKO mice developed hyperplasia in the large intestine at 14 weeks of age, most Stat3-IKO mice exhibited high-grade dysplasia in colon by 24 weeks, while the majority of age-matched Stat3-EIKO littermates had hyperplasia and a few developed low-grade dysplasia in colon (Figure 2 , A, c vs d, and Bi). By 38 weeks of age, a large percentage of the Stat3-IKO mice had tumors progressed to carcinoma with tumor invasion into the submucosa or muscular layer, whereas none of the eight age-matched Stat3-EIKO littermates exhibited progression to carcinoma (Figure 2A, e and g vs f ) . Further analysis of tumor stages revealed that a similar percentage of both Stat3-IKO and Stat3-EIKO mice developed early-stage tumor, low-grade dysplasia ( Figure 2Bi, LD) ; a significant reduction of tumors at advanced stages, including high-grade dysplasia and carcinoma, classified with severe irregularly branched glands, cytologic and nuclear atypia, as well as tumor invasion (Materials and Methods section), was observed in Stat3-EIKO mice compared to Stat3-IKO mice (Figure 2Bi) . Histologic analysis also demonstrated a significant reduction of tumor incidence observed in the Stat3-EIKO mice compared to Stat3-IKO mice (Figure 2Bii ). Neither inflammation nor tumors were found in control 
Epithelial STAT3 Regulates Leukocytic Infiltration in Colon
Our previous study has demonstrated a marked increase of macrophage infiltration, determined by macrophage-specific marker F4/80, in the large intestine of Stat3-IKO mice compared to the normal controls [10] . This was not reduced when epithelial Stat3 was inactivated (Stat3-EIKO; Figure 3 , A, a-c, and Bi). Similarly, a significant increase of CD3+ lymphocytes was observed in Stat3-IKO colon compared to normal control ( Figure 3A, d vs e) . In this case, however, inactivation of epithelial Stat3 significantly reduced CD3+ T cell infiltration in the colon of Stat3-EIKO compared to Stat3-IKO mice (Figure 3 , A, e vs f, and Bii). To further analyze T lymphocyte infiltration in the colon of Stat3-EIKO mice, we examined the subpopulations of T lymphocytes and found that inactivation of Stat3 in epithelial cells significantly reduced the infiltration of CD8+ but not CD4+ lymphocytes in the inflamed intestine of Stat3-EIKO compared to Stat3-IKO mice ( Figure 3, C and D) . Consistent with the reduced infiltration of CD8+ lymphocytes, a significant reduction of secretory proinflammatory cytokine IL-1α and a trend toward lower IL-6, tumor necrosis factor-alpha (TNF-α), and IL-2 were found in colons of Stat3-EIKO compared to Stat3-IKO mice, in which the production of these cytokines was markedly increased relative to normal colon ( Figure 4A ). These data suggest that inflammation-induced activation of STAT3 in colonic epithelial cells promote inflammation in colon by facilitating proinflammatory cytokine expression.
To determine whether epithelial STAT3 regulated leukocytic infiltration in the colon, we next analyzed the expression of cytokines/ chemokines in isolated colonic epithelial cells using qPCR. Among 30 different chemokines in the CC and CXC families screened, an increased production of IL-17 was observed in epithelial cells from Stat3-IKO mice compared to normal controls, whereas inactivation of Stat3 in the colonic epithelial cells reduced their expression ( Figure 4B ). In contrast, the expression of CCL19, CCL28, and RANTES was mildly increased in epithelial cells isolated from Stat3-IKO colon compared to normal control but highly expressed in epithelial cells from Stat3-EIKO colon ( Figure 4B ), indicating that this set of cytokines may be negatively regulated by functional STAT3.
Because cytokines with higher expression in the colonic epithelial cells of Stat3-EIKO compared to Stat3-IKO mice, including CCL19, CCL28, and RANTES, were reported as Treg chemoattractants, we next tested whether epithelial STAT3 regulates Treg cell recruitment in the colon. FACS analysis of cells isolated from scraped colons and gated for CD4+ and CD25+ population showed a reduced infiltration of this population in Stat3-IKO colon compared to normal control but a significant increase in the colons of Stat3-EIKO compared to Stat3-IKO (Figure 4, C and D) . Interestingly, a significantly higher population of CD4+ CD25+ was also observed in Stat3-VKO colon compared to Stat3-IKO or control colons. These observations suggested that activation of epithelial STAT3 may have an inhibitory effect on Treg infiltration in colon. We then verified the result by IHC using an antibody that recognizes the Treg-specific marker, FOXP3 [30] . Although a three-fold increase of FOXP3+ T cells was found in Stat3-IKO colon compared to the controls ( Figure 4E, a vs b) , an additional two-fold increase of FOXP3+ T cells was observed in Stat3-EIKO compared to Stat3-IKO colon ( Figure 4E , b vs c; unpaired t test, P = .0412). A totally eight-fold increase of FOXP3+ T cells was found in the large intestine of Stat3-EIKO compared to Stat3-VKO (unpaired t test, P < .0033). Taken together, consistent to the expression of pattern of cytokine/chemokine expression in colonic epithelial cells in Stat3-IKO and Stat3-EIKO mice, the data suggest that inflammation-induced activation of epithelial STAT3 plays a critical role in regulating leukocytic infiltration in inflamed intestine and that it promotes CD8+ but inhibits Treg infiltration in the large intestine.
Epithelial STAT3 Regulates Leukocytic Infiltration in Colon Associated with S1P Pathway
In tumors with persistent activation of STAT3, the S1P signaling pathway has been shown to act as a positive feedback loop that supports tumor cell growth involving IL-6 [31] . Because the ex vivo culture of both Stat3-IKO and Stat3-EIKO colons showed a robust IL-6 production ( Figure 4A ), we determined whether the S1P signaling pathway was upregulated in these mice. IHC analysis for the S1PR1 receptor indicated that, in the inflamed areas of Stat3-IKO, there was more intense staining of S1PR1 in colonic epithelial cells and stromal cells compared to control colons (Stat3 flox/flox or Stat3-VKO; Figure 5A , a, b vs c). Fewer S1PR1+ cells were seen in the colon of Stat3-EIKO mice compared to Stat3-IKO ( Figure 5A, c vs d ) . Interestingly, in Stat3-IKO colon, S1PR1 appeared to be expressed on the cell surface of the epithelial cells (Figure 5Ac, arrows) , whereas in Stat3-EIKO colon, S1PR1-positive staining appeared to be in enclosed vesicles in epithelial cells (Figure 5Ad, arrow) . The S1PR1 expression in isolated colonic epithelial cells was verified by qPCR, which showed that Stat3-IKO epithelial cells had more than 10-fold higher expression than controls and that inactivation of epithelial Stat3 significantly reduced the expression (Figure 5Bi ). Higher expression of S1PR1 suggested that this pathway may be activated in the colonic epithelial cells in Stat3-IKO colon. In a positive feedback loop, S1P, the substrate that binds S1PR1, is phosphorylated by two kinases that are downstream targets of S1PR1 signaling [31, 32] . Using qPCR analysis, we detected significantly increased expression of SPHK2 in the epithelial cells of Stat3-IKO mice compared to controls and Stat3-EIKO epithelial cells (Figure 5Bii) . A similar pattern was seen with SPHK1, but the expression did not show a significant difference between Stat3-IKO and Stat3-EIKO. Consistent with the observations in our mouse models, overexpression of S1PR1 in the colonic epithelial cells of human IBD colon was verified by IHC. All colon samples from three inflammatory bowel disease patients showed intense S1PR1 staining in the colonic epithelium ( Figure 5C ). Taken together, these data indicate that the S1P pathway is active in human inflammatory bowel disease and that the high expression of S1PR1 in colonic epithelial cells in the inflamed sites is dependent on functional epithelial STAT3 as a positive feedback mechanism.
Discussion
This study identified a novel role of epithelial STAT3 in inflammationinduced tumor development in the large intestine. We demonstrated that, in the large intestine with chronic inflammation, epithelial STAT3 is not required for inflammation-induced epithelial overproliferation but is critical for tumor progression from early-stage malignancy to invasive carcinoma. Because inactivation of Stat3 in epithelium alone (Stat3-VKO) did not have any noticeable effect on colonic epithelium, our study supports the hypothesis that the activation of epithelial STAT3 in inflamed intestine is specifically linked to inflammationinduced tumor development.
Our study highlights the function of epithelial STAT3 in tumor development that is different from the commonly used models of azoxymethane/dextran sodium sulfate (DSS)-induced colorectal cancers, Figure 4 . Colonic epithelial STAT3 regulates cytokine, chemokine production, and Treg recruitment. (A) Cytokine production (pg/ml) from overnight organ culture. Stat3-IKO versus control Stat3-VKO, unpaired t test, *P = .0001 for IL-1α, *P = .02 for IL-6, *P = .0164 for TNF-α, and *P = .0044 for IL-2. No significant (ns) difference in IL-6, TNF-α, and IL-2 production between Stat3-IKO and Stat3-EIKO culture, but a significant difference is seen with IL-1α production, *P = .017. (B) Relative gene expression of chemokines from isolated colonic epithelial cells. A higher trend of IL-17 expression is seen in Stat3-IKO compared to Stat3-EIKO and CCL19 in Stat3-EIKO compared to Sta3-IKO, but a significant higher expression of CCL28 and RANTES is seen in Stat3-EIKO versus Stat3-IKO, unpaired t test, *P = .018 for CCL28 and **P = . in which epithelial STAT3 is believed to contribute to tumorigenesis in inflamed colon by promoting tumor cell growth and inhibiting cell death [23, 33, 34] . It is noteworthy that mice with functional epithelial STAT3 under azoxymethane and DSS treatment developed tubular adenomas as a consequence of compensatory hyperproliferation [23] because of the physical damage of mucosal layer. Our model has significant advantages for the study of tumorigenesis in chronic inflammation such as inflammatory bowel diseases, because a single myeloid mutation is used to generate chronic inflammation that leads to tumor development at frequencies similar to human colon cancer in the setting of IBD [10] . In contrast, in the DSS model, inflammation is secondary to acute mucosal injury that has overwhelming normal mucosal immunity/functions.
Our data demonstrate a potential mechanistic link between epithelial STAT3 and tumor progression. Activation of epithelial STAT3 in the inflamed region is associated with overproduction of proinflammatory cytokines in colon including IL-6, TNF-α, and IL-1α. Our data also showed that an increased infiltration of CD8+ lymphocytes in colon is linked to the activation of Stat3 in epithelial cells and tumor progression. The role of CD8+ lymphocytes in colitis-associated colorectal cancer is still controversial in that CD8+ T cells is considered to play a central role in cancer immunosurveillance, but these cells were also found in intestinal mucosa of active IBD including both Crohn disease and UC [35] . The infiltration of CD8+ T cells was reported to have a direct cause of tissue damage and destruction of colonic epithelial cells [36] , which have the potential to favor tumor development. Our data demonstrated that, consistent with the observation in human IBD [35] , an increased infiltration of CD8+ T cells is associated with more severe inflammation and the development of advanced malignancy in colon, whereas reduced tumor progression is correlated with a decreased infiltration of CD8+ T cells, suggesting a protumorigenic function of this population. We also demonstrated that the infiltration of CD8+ is potentially regulated by epithelial STAT3.
Our data further suggest that inflammation-activated STAT3 in epithelial cells may promote tumor progression through inhibiting Treg recruitment in colon. Treg function primarily suppresses immune responses by mediating tolerance against self-antigen or preventing excessive inflammation against intestinal microbes [37] . The role of Treg in inflammation-associated cancer, however, is still unclear. Some studies have shown that Treg cells suppress the anticancer immune (B) qPCR analysis of (i) S1PR1 and (ii) SPHK's expression in the isolated colonic epithelial cells. Significantly higher expression of S1PR1 is detected in Stat3-IKO colonic epithelial cells (Stat3-IKO vs control Stat3-VKO, unpaired t test, *P = .02 and Stat3-IKO vs Stat3-EIKO, **P = .05), and significantly higher expression of SPHK2 is seen in Stat3-IKO colonic epithelial cells compared to control and Stat3-EIKO (Stat3-IKO vs control Stat3-VKO, unpaired t test, *P = .028 and Stat3-IKO vs Stat3-EIKO, unpaired t test, **P = .039). (C) Representative IHC section shows S1PR1-positive cells in biopsied colon taken from an inflammatory bowel disease patient (b) and normal colon (a).
reactions [38, 39] ; however, others have shown that Treg cells can repress inflammation and therefore reduce inflammation-promoted tumor risk [37] . Our finding that lower density of Treg cells is associated with more advanced tumor progression, but intensive infiltration is associated with reduced tumor development, suggests the tumor inhibitory role of Treg cells in colitis-associated colorectal cancer. This observation is supported by clinical studies that high density of FOXP3+ Treg infiltration in colon cancer tissues was associated with improved survival and more favorable prognosis [40, 41] . Our study demonstrates a novel regulation of Treg infiltration by epithelial STAT3 that may inhibit the recruitment of this population through regulating the expression of a set of cytokines and chemokines including CCL28, CCL19, and RANTES. Several reports have shown that Treg expressed CCR4 and CCR10 receptors for CCL22 and CCL28 [42, 43] and, more recently, CCR5 receptor for RANTES [44] .
Activated STAT3 by inflammation in the colon may act as a key component of a positive feedback cross talk between inflammatory and epithelial cells. For example, IL-6, STAT3, and S1PR1 mediate an autocrine loop that favors cancer cell growth [31, 34, 45] . In this context, recruited stromal cells such as macrophages and T cells would produce IL-6 that stimulates cancer cell growth by acting on the STAT3 pathway. Our data would support this loop in tumor progression, as intense expression of S1PR1 is seen in areas with dysplastic cell region of Stat3-IKO colons and moderate expression in hyperplastic cell region of the Stat3-EIKO colons. Our observation that epithelial cells with inflammation-activated STAT3 had higher expression of SPHKs suggests further that STAT3 regulates the key enzymes responsible for phosphorylation of sphingosine to S1P. Significantly high CD4+ and CD8+ T cells seen in Stat3-IKO mice may be due to an increase of S1P-regulating lymphocytes exiting from secondary lymphoid organs consistent with others showing S1PR1 and STAT3 induction in inflammatory responses [46] . Loss of epithelial Stat3 in Stat3-EIKO showed that reduced expression of SPHK2 suggests epithelial STAT3-mediating immune cell recruitment through S1P pathway. Collectively, our data have established the linkage between STAT3 regulation of SPHKs in the inflamed environment and tumor progression. To our knowledge, this is the first time in which a link between STAT3 and S1PR1 expression can be associated with a defined stage of tumor progression ( Figure 6 ).
In summary, we observed that epithelial STAT3 regulates tumor progression but not the growth of the cells in the inflamed colon and that epithelial STAT3 regulates leukocytic infiltration that may play a crucial role in tumorigenesis and tumor progression. Epithelial STAT3 may promote tumor progression through regulating the infiltration of proinflammatory cells and inhibiting Treg infiltration. Recruited inflammatory cells may accelerate tumor progression through the activation of the S1PR1 pathway in tumor cells. The up-regulation of the S1P pathway is associated with advanced stage of tumor progression, suggesting a possible target for therapeutic intervention. A recent retrospective study of more than 900 patients shows a significant association between colorectal cancer patients with phosphatidylinositol 3-kinase mutation (PIK3CA) on regular regimen of aspirin and reduced mortality rate [47] . This study demonstrated the crucial role of inflammation, especially the interaction between inflammation and tumor markers such a PI3K and MT-CO2 (or Cox2), in tumor progression in colorectal cancer. Our finding is consistent with this study and further demonstrates that inflammation regulated by epithelial STAT3 is critical for promoting tumor progression to advanced stage in colon. Interestingly, overexpression of SPHK1 in cancer progression has been recently reviewed by Alshaker et al. [48] , and SPHK1 activation in cancer cells mediated by IL-6 through PI3K and mitogen-activated protein kinase (MAPK) pathways has also been reported [49] . Collectively, these data suggest that SPHK1/S1P pathway regulates PI3K activity and inhibiting either the upstream signaling cascade with S1P analog (dihydrosphingosine or dimethylsphingosine), SPHK1 inhibitors (F-12509a, B-5354c, and SKI-I-V) [48] , or downstream through PI3K activity (aspirin) would improve the clinical outcome of colorectal cancer. We are currently evaluating the effectiveness of blocking the S1P signaling pathway with immunosuppressive drug, such as fingolimod (FTY720) [50] [51] [52] , in our mouse model. The usage of FTY720 would offer additional strategy that could be used to block inflammation-induced tumorigenesis. Figure 6 . Model of inflammatory bowel disease-associated colorectal cancer. During chronic inflammation, IL-6 activates epithelial STAT3, which regulates S1P production through action of S1P/SPHK1 pathway. Recruited immune cells stimulated tumor progression from hyperplasia to carcinoma.
